A screening for hydrogen uptake (hup) genes in Rhizobium leguminosarum bv. viciae isolates from different locations within Spain identified no Hup + strains, confirming the scarcity of the Hup trait in R. leguminosarum. However, five new Hup + strains were isolated from Ni-rich soils from Italy and Germany. The hup gene variability was studied in these strains and in six available strains isolated from North America. Sequence analysis of three regions within the hup cluster showed an unusually high conservation among strains, with only 0.5-0.6% polymorphic sites, suggesting that R. leguminosarum acquired hup genes de novo in a very recent event.
Introduction
Symbiotic nitrogen fixation is the key metabolic process in the root nodule symbiosis between legumes and the soil bacteria collectively known as rhizobia (members of the Rhizobium, Bradyrhizobium, Sinorhizobium, and Mesorhizobium genera, among others). Nitrogen fixation is an energy intensive process, requiring no less than 16 molecules of ATP and 8 e À per molecule of dinitrogen reduced to ammonia [1] . An inherent source of energy inefficiency in this process is the nitrogenase-catalyzed generation of H 2 from protons and reducing equivalents. Even under optimum in vitro conditions, as much as 25% of the electrons allocated to nitrogenase are lost as H 2 [2] . In vivo, these losses are usually much higher [3] . Some rhizobia possess an uptake hydrogenase that allows them to recycle the hydrogen generated by nitrogenase. The potential of such a hydrogen uptake system to increase the energy efficiency of the symbiosis has been repeatedly emphasized [4] [5] [6] and clearly shown for the B. japonicum-soybean symbiosis [3, 7] .
Our laboratory has been studying the hydrogenase system from R. leguminosarum bv. viciae UPM791 [6, 8] . This system is unique in its adaptation to its role in recycling the hydrogen generated as a by-product by the symbiotic nitrogen fixation process. It is present on the symbiotic plasmid (pSym), together with nodulation and nitrogen fixation genes [9] , and it is exclusively expressed in symbiosis, together with the nitrogen fixation system, through NifA, the general regulator of nitrogen fixation, which activates the main hup promoter by a novel mechanism [10, 11] . This adaptation contrasts sharply with the fact that few Hup + strains have been isolated from fast-growing strains of the Rhizobium and Sinorhizobium genera [4, 12] . Furthermore, our group had previously obtained evidence that major hup cluster restriction enzyme cut sites are conserved within the standard Hup + collection strains of R. leguminosarum bv. viciae [13] , and that hup genes from strains R. leguminosarum bv. viciae UPM791 and B10 are very strongly conserved [10] . In an effort to better understand the distribution and variability of these genes, we set out to, first screen new R. leguminosarum bv. viciae isolates for hup genes, and then systematically study their conservation among Hup + isolates.
Materials and methods

Chemicals
All enzymes and nucleotide triphosphates were purchased from Roche Biochemicals (Mannheim, Germany). Specific oligonucleotides were custom synthesized by Sigma-Genosys (Pampisford, UK). Medium constituents were from Oxoid Ltd. (Basingstoke, UK). Antibiotics used in growth media were from Roche and Serva Feinbiochemica (Heidelberg, Germany). All other chemicals were of reagent or electrophoresis grade.
Bacterial strains, growth conditions and plant tests
R. leguminosarum bv. viciae Hup + strains used in this work were the following: UPM791 (128C53), UPM987 (128C23), UPM988 (128C13), UPM989 (128C30), and UPM990 (128C56), obtained from J.C. Burton (Nitragin Co. Milwaukee, WI); strain UPM1072 (B10, obtained from W. Lotz [14] ; strains UPM1131 through UPM1135 were isolated from Ni-rich soils in Italy and Germany and are described in this work. Strains were grown in media and conditions previously described [15, 16] . Pea (Pisum sativum L. cv. Frisson) was used as plant host. Conditions for isolation of pea-effective rhizobia from soils, and for plant inoculation and growth have been described previously [9, 17] .
DNA manipulation and analysis
DNA manipulations were all performed by standard procedures [18] . Eckhardt gels [19] were used for rhizobial plasmid resolution. Non-radioactive bands labelled with digoxigenin (Roche Biochemicals) were visualized either by luminography or by the use of a GS-250 Molecular Imager System (Bio-Rad, Hercules, CA, USA). Nucleotide sequences were determined from double stranded templates with the Applied Biosystems (Foster City, CA) PRISM dye terminator cycle sequencing system and the PRISM 377 automated sequencer.
Screening for hup DNA-containing rhizobia was carried out by Southern hybridization of total DNA from nodule isolates with a R. leguminosarum bv. viciae UPM791 hup DNA probe [9] . . The resulting PCR products were sequenced directly, and sequences deposited in the GenBank/EMBL databases as follows (strain/Accession No.): hupS promoter region, UPM791/AY036913, UPM987/AY036914, UPM988/ AY036915, UPM989/AY036916, UPM990/AY036917, UPM1072/AY036918, UPM1131/AY036920, UPM1132/ AY036921, UPM1133/AY036919, UPM1134/AY036922, UPM1135/AY036955; hupEF region, UPM791/AY-036923, UPM987/AY036924, UPM988/AY036925, UPM-989/AY036926, UPM990/AY036932, UPM1072/ AY036927, UPM1131/AY036929, UPM1132/AY036928, UPM1133/AY036931, UPM1134/AY036930, UPM1135/ AY036956; whoxA region, UPM791/AY036933, UPM-987/AY036934, UPM988/AY036939, UPM989/AY-036935, UPM990/AY036936, UPM1072/AY036937, UPM1133/AY036938, UPM1135/AY036957.
Results and discussion
Screening for hup-containing R. leguminosarum bv. viciae strains
Although the potential benefits that Hup + rhizobia can derive from recycling the H 2 generated during nitrogen fixation are widely recognized [4] [5] [6] , the actual benefits that the symbiosis derives from this have been a matter of controversy. One of the objections raised has to do with the paucity of Hup + strains among fast-growing rhizobia [4] . Previous surveys from the literature suggest that the Hup trait is rare within R. leguminosarum bv. viciae [4] , and few of the reported Hup + strains have been substantiated by genetic analysis [13] .
We screened a collection of 410 new isolates from 20 different locations throughout Spain for the presence of DNA homologous to strain UPM791 hup genes. The strains were isolated both from soil, using pea plants as trap host, and from nodules of R. leguminosarum legume hosts other than peas (Vicia, Lens, or Lathyrus). In addition, and considering that nickel availability is a limiting factor for hydrogenase activity within the plant [20, 21] , we isolated and screened strains from Ni-rich soils of separate geographical locations (Germany, Italy, and Spain). Table 1 summarizes the results from this screening. No isolate from Spain, from any plant host, showed positive hybridization with hup genes, even when they were obtained from Ni-rich soils from an ultramafic region (Estepona, Malaga). This result confirms that Hup + strains are rare among isolates of R. leguminosarum bv. viciae. Positive hybridization with strain UPM791 hup DNA was obtained with isolates from Ni-rich mafic and ultramafic soils from the Parma and Piacenza Apennines in Italy (strains UPM1131 through UPM1134), as well as with an isolate (UPM1135) from a German soil rich in Ni due to industrial waste contamination. All five strains were also shown to express an uptake hydrogenase in symbiosis with peas (data not shown). These newly isolated Hup + strains, together with strains UPM791 and UPM987 through UPM990 (isolated by John Burton, Nitragin Co., from North American soils), and strain UPM1072 (B10, isolated from garden soil in Germany [14] ) constitute our available Hup + strains.
The hup cluster is located in the symbiotic plasmid
It has been previously shown that the hup cluster from strain UPM791 and the other North American strains reside in the symbiotic plasmid, together with symbiotically important genes [13] . This was also found for the newly isolated Hup + strains. In-well lysis and subsequent electrophoresis (Eckhardt gels) allowed separation of plasmids in all these strains except for UPM1131, where only a smear could be observed ( Fig. 1 and data not shown) . Southern hybridization with a hup gene cluster DNA probe showed that hup genes reside in a single plasmid (Fig. 1 ) of size similar to that of the strain UPM791 pSym (145-232 MDa). In all cases this was the symbiotic plasmid, since it also contained nif and nod genes (data not shown).
3.3. High conservation of hup genes in R. leguminosarum bv. viciae Hup + strains
The genetic organization of the hup region in strain UPM791 is shown in Fig. 2(a) . It contains 18 genes and 1 pseudogene (whoxA) tightly clustered in an 18 kb DNA segment. All the genetic determinants necessary for hydrogen uptake activity have been cloned in cosmid pAL618 ( [9] , Fig. 2(a) ), which also contains three upstream genes of unrelated function. It was previously shown that the EcoRI restriction enzyme cut pattern of pAL618 is conserved within the North American Hup + strains [13]. As Fig. 2(b) shows, this was also found for the new Hup + isolates from Italy and Germany. The conservation of hup genes among R. leguminosarum strains was further investigated taking advantage of the availability of the complete DNA sequence of the strain UPM791 hup region. For this purpose, three regions characteristic or unique to the R. leguminosarum hup cluster were chosen ( Fig. 2(a) ): (i) the hydrogenase structural genes promoter region, including sequences not required for normal transcription or regulation [11] ; (ii) the hupE-hupF region, including part of hupE, a gene rarely found in other hup clusters [6, 22] , and the intergenic region between hupE and hupF, a 96 nucleotide stretch representing the second largest continuous non-coding sequence within the hup cluster from strain UPM791; and (iii) the whoxA pseudogene region, containing the remnants of a former hoxA regulatory gene, including the first inactivating frameshift within the whoxA sequence [11] . These three regions were also chosen because they included non-functional sequences, for which no selective pressure should exist. Specific oligonucleotides were designed and used to amplify by PCR each of the three regions. For strain UPM791 this would result in PCR products of 330, 562, and 436 bp, respectively. PCR products of the expected size were generated by amplification of both the hupS promoter and hupEF regions for all the Hup + strains tested (Table  2 ). This was also true for the whoxA region, except for strains UPM1131, UPM1132, and UPM1134, where no DNA could be amplified. All PCR products were directly sequenced and the sequences compared to those from strain UPM791 ( Table 2 ). For the hupS promoter region, all nucleotides were conserved in the North American strains (UPM987 through 990), the German strains (UPM1072 and 1135) and the Italian strain UPM1133. The three remaining Italian strains shared two changes, a C290A transversion, and a two-base pair deletion at positions 303-304. Both changes were located in the transcribed DNA region preceding hupS. For the hupEF region, all nucleotides were conserved in North American strains UPM987 through 989, in the German strains (UPM1072 and 1135), and in the Italian strain UPM1132. Strains UPM1133 and UPM1134 had one single nucleotide change each within the hupE coding region, which resulted in conservative (Ala ! Gly) and silent replacements, respectively. Strain UPM1131 presented two silent replacements within the hupE coding region, one of them also found in strain UPM1134. Finally, North American strain UPM990 presented a 7 bp deletion that eliminated the hupE stop codon. As a result, UPM990 is expected to synthesize a longer (28 extra amino acid residues) HupE product. With respect to the whoxA region, the seven strains where PCR amplification was successful presented the inactivating frameshift observed in strain UPM791. Strains UPM987, 989, 990, 1072, and 1135 showed no changes with respect to UPM791. Strain UPM1133 presented one single change, a G368A transition, whereas strain UPM988 presented both the G368A plus a G320A transition. Southern hybridization analysis of genomic DNA from strains UPM1131, 1132, and 1134 using the strain UPM791 whoxA PCR product as Fig. 2 . Genetic organization and conservation of the hup cluster in R. leguminosarum bv. viciae Hup + isolates. (a) Physical and genetic map of the hup region from strain UPM791. Cosmid pAL618 contains all the genes required to confer the Hup character to Hup À rhizobia [9] . Cosmid pAL704 contains the hoxA region [11] . The three DNA regions analyzed in detail for their variability are indicated by thick solid lines. E = EcoRI. (b) Southern hybridization analysis of hup DNA in EcoRI-digested total DNA from R. leguminosarum Hup + strains. Cosmid pAL618 was used as probe. Lanes: 1, pAL618; 2, UPM791, 3, UPM987; 4, UPM988; 5, UPM989; 6, UPM990; 7, UPM1072; 8, UPM1131; 9, UPM1132; 10, UPM1133; 11, UPM1134; 12, UPM1135. Sizes of the hybridizing fragments (in kb) are indicated on the left. probe, showed that the DNA hybridizing with this region was present in all three genomes but in a different location (data not shown). This suggests that genomic rearrangements have separated this non-functional region from the hup cluster.
With the exception of the genomic rearrangements affecting the non-functional whoxA region in three of the Italian strains, the number of polymorphic sites was very small: 0.6%, 0.5%, and 0.5% for the hupS promoter, hupEF, and whoxA regions, respectively. This result is more surprising given that plasmid-borne genes may be subject to higher mutation rates than chromosomal genes [23] , and contrasts sharply with data available in the literature for other loci. For the housekeeping isocitrate dehydrogenase (icd) locus and 17 strains in the Escherichia coli ECOR collection, 6% of the nucleotide sites analyzed (1212) were polymorphic, and the average strain to strain variation was 5.6%, a value just above the average for other housekeeping genes [24] . For the E. coli lactose permease locus (lacY), described as one of the most conserved sites in this bacterium, 2.2% of the sites were polymorphic within an experimental set of seven strains [25] . It is difficult to understand the reasons for the low variability observed within R. leguminosarum hup loci. For the highly conserved E. coli lacY and gapA loci, a strong positive selection pressure in favor of a specific allele has been invoked [25, 26] , but this is unlikely for the hup cluster for the following reasons. First, the three regions analyzed were chosen so that there should be little functional pressure for conservation. Second, hup genes are only expressed in the symbiotic part of their life cycle [10, 16] , when rhizobia differentiate into bacteroids, a state that, at least in symbioses with indeterminate nodules, many authors think is terminal [27] . And third, the scarcity of Hup + strains suggests that these genes are dispensable. A plausible explanation for the above results is that hup genes have been acquired by R. leguminosarum bv. viciae in a very recent event. This would explain both their scarcity and their conservation. The fact that hup genes are located in the pSym should facilitate their quick dissemination and establishment within R. leguminosarum bv. viciae populations by lateral transfer [28] [29] [30] [31] , and may provide an explanation for their isolation from strains of a geographically diverse origin (North America, Germany, Italy). The hup cluster would have probably been acquired from an unknown Hup + soil bacterium. This could be an organism similar to Bradyrhizobium japonicum, although not necessarily a plant symbiont: the B. japonicum hup gene organization and sequence is very similar to that of R. leguminosarum bv. viciae [6] but the genes are expressed in free-living conditions where they can support chemolithotrophic growth [32] . The newly acquired hup genes would be maintained in R. leguminosarum bv. viciae because they allow recycling of the H 2 generated during symbiotic nitrogen fixation.
Consistent with this new function, the genes were incorporated into a symbiotic plasmid, where rapid evolution of the hup cluster regulatory regions ensured coordinate expression of hup and nif genes under symbiotic conditions. Given the potential (see above) and demonstrated (our unpublished results) advantages of the hup system for the symbiosis, it is expected that Hup + strains should become, in time, prevalent in agricultural soils. In this respect, it is noteworthy that most of the 
